The behavior of oxide cathodes coated on a nickel alloy containing about 0. 1 percent silicon has been investigated under 100 percent and zero duty-factor operation. The operation of these cathodes at zero duty-factor was found to be highly favorable to the development of a high resistance in a layer of Ba2SiO 4 located at the interface between the oxide and the core. The layer itself was present not only in cathodes that had aged without electron emission and had developed interface resistance, but also in cathodes that had aged with electron emission and had not developed interface resistance. A model is presented to account for the experimental observations. Evidence is also presented which shows that there may exist an "active" nickel alloy that does not lead to undue interface resistance formation. * This report is based on a thesis which was submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy at the Massachusetts Institute of Technology.
I. Introduction
Oxide cathodes coated on an active-nickel-alloy core* often fail before a thousandhour life when they are operated at a low duty factor, due to the development of a high internal resistance. This failure has been recognized to be a major difficulty by the several groups now engaged in the construction of computers (1) . Tubes similar to those that failed in computer service have been found to last thousands of hours when they are operated with continuous emission current.
The internal cathode resistance of the failures could be accounted for by the hypothesis of an "interface resistance". The phenomenon of interface resistance has been investigated in connection with cathode sparking by Eisenstein (2, 3), Danforth and Goldwater (4), Mutter (5), Wright (6) , and others. These workers found that in cathodes coated on cores containing impurity concentrations of several percent, a layer of an insulating compound was formed at the interface between the oxide and the core by chemical reaction between the oxide and an impurity.
The dependence on duty factor, doubted by some, was a fundamental feature of the deterioration that could not be accounted for on the basis of existing knowledge of interface resistance. There was no adequate data to determine whether the deterioration was also associated with a loss of emission, as would be expected from the work of Wright (6) .
II. Experimental Procedures
The research performed may be divided into two experiments. The first was a study of the behavior of cathodes coated on a commercial active-nickel alloy under high and low duty-factor operation; the second was an investigation into the dependence on the history of electron flow through the interface of the resistance and "activation energy" of an interface resistance on a high-silicon nickel core.
A. Experiment I Diodes similar in electrode structure to the ASTM Standard Diode** were chosen for the study of cathode behavior under high and low duty-factor operation, since these diodes could be obtained in the necessary quantities from the Raytheon Manufacturing Company***, who produced them under carefully controlled conditions. With the * "Active" nickel alloys contain reducing agents in concentrations of the order of tenths of a percent. Such agents help activate cathodes coated on these alloys. ** Developed by American Society of Testing Materials Committee B-4, on Oxide C athode s. *** Under their contract N7-onr-389. The pulsed emission measurement was made at a cathode temperature of 940'K by applying to the diode a single 1-msec 300-volt pulse from a thyratron pulser, and observing the emission by means of a synchroscope with a long-persistence screen. The average pulsed emission obtained at zero hours life was about 0. 5 amp/cm 2 .
The interface resistance measurement was made by pulsing the diode at constant current space-charge-limited in 2 1/2-±L sec pulses and observing the voltage across the diode during the pulses with a synchroscope. Under these conditions, if the cathode has no interface resistance, the voltage pulse appearing across the diode is "square", and equal in height to the potential necessary to draw the constant pulse-current spacecharge-limited, as shown in Fig. la . If the cathode has an interface resistance, a voltage builds up across this resistance during the pulse, as in Eq. 1
R and C are the effective interface resistance and capacitance, respectively, and i is the constant pulse-current. Since the pulse length is 2 1/2 p. sec and RC is of the order of a microsecond or less, V varies from zero to within a few percent of iR during the pulse.
When the diode is pulsed at constant current space-charge-limited, the potential difference between the surface of the cathode and the anode must remain constant during the pulse. Any change in the potential difference across the cathode must be compensated for by a change in the potential difference across the tube. Consequently, if the cathode has an interface resistance, the voltage pulse across the diode is no longer "square" but has the time-varying interface potential superimposed upon it, as shown in To simplify the identification of an interface resistance, the measurement was made at a reduced cathode temperature (940°K). Because of the high negative temperature coefficient of interface resistance, the resistance at 940°K is a factor of five or more greater than at the normal operating temperature of 1050°K.
Note that a voltage pulse similar to that shown in At the conclusion of the ageing program, x-ray diffraction and spectrochemical analyses were performed. For the identification of the interface compound by x-ray diffraction, samples were prepared by molding together (with Duco cement) scrapings from the interfaces of three cathodes whose coatings had been removed*. One sample * The identification of the interface compound was attempted from patterns taken using the entire core (with coating removed) as a sample but the layer of interface compound was too thin to give detectable lines on the patterns. A significant difference in impurity content is shown in the sample labelled "cathode coating plus surface of nickel core" of group C, which consisted of tubes that aged without electron emission without developing interface resistance. The iron concentration in this sample is only one-tenth as great as in the same sample of group B (interfaceresistance failures). Meager though this evidence is, it seems to indicate that an alloy containing as much silicon and manganese as 699, but far less iron, might be significantly better as a base-metal for cathodes which are to be operated under low dutyfactor conditions.
B. Experiment II
The purpose of the second experiment was to investigate the dependence on the history of electron flow of the resistance and "activation energy" of an interface resistance on a high-silicon nickel core. A "sandwich" diode was constructed, in which a wafer of (BaSr)O was compressed between two flat electrodes, as shown in Fig. 6 . The electrode labelled K 1 was of silicon-nickel alloy (about 5 percent Si); K2 was of Grade A nickel (less than 0. 3 percent Si). Two 0. 7-mil platinum wire probes imbedded in the wafer, as shown in Fig. 6 , permitted the determination of the potential difference across the interface by the double-probe method which has been used by Eisenstein (2) and others.
The wafer was constructed by spraying a coating on K 1 in three layers with probes between the layers; a single-layer coating was sprayed on K 2 , and the two were mounted in contact to form the wafer. Since there was apparently a certain amount of 
where is the activation energy in electron-volts, and A(T) varies as T n , where n is of the order of one or two; k is the Boltzmann constant. 1/T. From the slope of the best straight line that could be drawn through the three points, the activation energy was obtained.
The result of a typical measurement of this kind is shown in Fig. 8 . The numbered points are the reproducibility check points, which were taken with the same potential applied across the wafer after the measurements at 760 0 K, 820'K, and 870°K, respectively. Note that although the oxide has tended to activate during the measurements, the state of the interface has not changed. The currents that flowed during the ageing were about 10 or 20 a, and the potential difference across the interface was about one or two volts. If a value of 10 3 cm is assumed for the thickness of the interface region, the electric field in this region can be calculated to have been of the order of one or two thousand volts per cm.
The variation of the activation energy of the interface resistance with time during the ageing is shown in Fig. 9 . As long as electrons flowed from the oxide to the interface, the activation energy increased, but when electrons flowed from the interface to the oxide, the activation energy decreased sharply. A similar behavior was shown by the resistance, as may be seen in Fig. 10 .
III. Interpretation
The The energy level configuration of the interface region in this state would be as shown in Fig. 11 . The diagram has been drawn in accordance with the views of Slater (7) concerning the junction between conductors and semiconductors, with the a priori assumption that the work-function of the activated Ba2SiO 4 does not differ greatly from the workfunction of the activated oxide, but that the work-function of the nickel is greater than either. In all probability, the Schottky "depletion-layer" barrier at the interface between the nickel and the Ba2SiO 4 has a negligible resistance, because the boundary is undoubtedly not abrupt, as shown, but much more "diffuse".
As the cathode is aged, the layer of Ba2SiO 4 thickens to the point where reaction between silicon of the core and BaO of the coating becomes negligible. The behavior of the concentration of donor centers in the layer during the ageing will depend on whether an electric field is present, because the donor centers behave on the average as positive charges.
If no electron emission is drawn from the cathode, there is no electric field in the interface region, and the donor centers can migrate out of the layer of interface compound by thermal diffusion. The concentration of donor centers in the layer is reduced to the extent that it is insufficient to maintain a negligible resistance; the cathode has -10-__ then developed an interface resistance.
If the cathode is aged delivering electron emission, an electric field directed from oxide to core exists in the interface region. Field-induced migration of donor centers into the layer of interface compound and thermal diffusion of donor centers out of the layer of interface compound are then in competition. The equilibrium concentration of donor centers in the Ba 2 SiO 4 layer is greater than it would be if thermal diffusion were the only migration process. If the field is strong enough, the equilibrium concentration of donor centers is sufficient to maintain the conductivity of the interface compound. The cathode does not develop an interface resistance.
The energy-level configuration of the interface region of a cathode that aged delivering electron emission and did not develop interface resistance would probably be quite similar to that shown in Fig. 11 , with the exception that the layer of interface compound would be thicker. For a cathode that did develop interface resistance, the energy level configuration would be as shown in Fig. 12 . 
as would be expected on the basis of Eq. 2. The variation observed in R is not nearly as great as would be expected from the variation observed in .
This can be accounted for by the fact that the interface layer is probably not at all homogeneous, but varies in thickness and in donor-center concentration. Conduction through it depends on parallel conduction through many "patches" of different thickness, conductivity, and activation energy. The experimental measurements of resistance and activation energy represent two different methods of averaging over the patches. Since the degree of inhomogeneity, on which the resistance strongly depends, can be quite different for two states of the interface barrier having the same observed activation energy, it is not surprising that the resistance and activation energy fail to be related in the simple manner expressed by Eq. 3.
IV. Summary and Conclusions
The results obtained in this work have shown that the anomalous deterioration that occurs in oxide cathodes coated on silicon-bearing nickel cores when they are operated at a low duty-factor is due entirely to the development of a high resistance in a layer of BaSiO 4 located at the interface between the oxide and the core. The layer itself was found to be present not only in cathodes that had developed interface resistance, but also in cathodes that had not. The development of a resistance in this layer was heavily favored by the absence of electron emission from the cathode during life.
Further investigation of the properties of an interface resistance on a high-silicon nickel core has shown the resistance and activation energy to be strikingly dependent on the history of electron flow through the interface. A model has been presented that appears capable of accounting for all the experimental observations, and of providing a framework for the understanding of the fundamental features of the deterioration that has been under study.
The application of this understanding to the engineering problem of developing cathodes that do not deteriorate when they are operated at a low duty-factor leads to two main avenues of approach. (1) Use nickel containing less silicon and other impurities; the layer of interface compound will be thinner, and will have less resistance.
-12-_ C* (2) Search for other substances that can be added to the interface compound to provide it with permanent donor centers that will persist in the layer irrespective of duty-factor.
The first of these avenues is currently being exploited by most of the major tube manufacturers, although it suffers from two faults. First, there is enough variation in impurity content among different melts of what is nominally the same alloy to make it possible for different production lots of the same tube to have widely different life expectancies. Second, the use of alloys containing appreciable amounts of impurities (i. e.
"active" alloys) is often highly desirable as an aid to easy activation of the cathodes.
That the second avenue is not beyond the realm of possibility appears to be indicated by the results of the spectrochemical analyses of diodes that had aged 4316 hours with no electron emission without developing interface resistance. The cathodes of these diodes were found to contain far less iron in the "cathode-coating-plus-surface-of-nickel-core" sample, which contains the interface, than cathodes that had developed interface resistance. It is conceivable that in cathodes containing very little iron, the presence of Fe side by side at a temperature of 1100°K for 4000 hours would be extremely improbable, because the MnO 4 ion is a strong oxidizing agent.
However meager the data, and whatever the mechanism may be, these results appear to indicate at first sight that a nickel alloy containing all impurities except iron to the extent that they are found in 699 nickel alloy might be a satisfactory active nickel alloy for cores of cathodes to be operated at a low duty-factor. 
